In most contemporary life forms, the confinement of cell membranes provides localized concentration and protection for biomolecules, leading to efficient biochemical reactions. Similarly, confinement may have also played an important role for prebiotic compartmentalization in early life evolution when the cell membrane had not yet formed. It remains an open question how biochemical reactions developed without the confinement of cell membranes. Here we mimic the confinement function of cells by creating a hydrogel made from geological clay minerals, which provides an efficient confinement environment for biomolecules. We also show that nucleic acids were concentrated in the clay hydrogel and were protected against nuclease, and that transcription and translation reactions were consistently enhanced. Taken together, our results support the importance of localized concentration and protection of biomolecules in early life evolution, and also implicate a clay hydrogel environment for biochemical reactions during early life evolution.
In most contemporary life forms, the confinement of cell membranes provides localized concentration and protection for biomolecules, leading to efficient biochemical reactions. Similarly, confinement may have also played an important role for prebiotic compartmentalization in early life evolution when the cell membrane had not yet formed. It remains an open question how biochemical reactions developed without the confinement of cell membranes. Here we mimic the confinement function of cells by creating a hydrogel made from geological clay minerals, which provides an efficient confinement environment for biomolecules. We also show that nucleic acids were concentrated in the clay hydrogel and were protected against nuclease, and that transcription and translation reactions were consistently enhanced. Taken together, our results support the importance of localized concentration and protection of biomolecules in early life evolution, and also implicate a clay hydrogel environment for biochemical reactions during early life evolution. I n modern cell-based life forms, the confinement by cell membranes offers localized concentration and protection for biomolecules such as nucleic acids, leading to efficient biochemical reactions such as transcription and translation 1, 2 . In addition to its importance in modern cells, this confinement function was also very important for prebiotic compartmentalization in early life evolution prior to the emergence of the last universal common ancestor (LUCA) [3] [4] [5] [6] [7] . Many different environments have been considered for this pre-cellular evolutionary stage, including near hydrothermal vents 8 , in ocean water 4, 9 , within hydrogels 10 , and around mineral microenvironments near the Earth's surface 11, 12 . In defining the pre-cellular environment, it is important to address the following questions: 1) How did biomolecules encounter each other and maintain sufficient proximity to perform complicated biochemical reactions? 2) How did the biomolecules survive in the environment without any protection? To address these issues, several artificial compartmentalization structures have been proposed, such as lipid vesicles 13 , fatty-acid vesicles 14 , peptide-nucleotide droplets 15 , and polymeric droplets 16, 17 . Clay minerals have been proposed as a likely candidate among solid materials to play roles for life evolution, due to their wide distribution, historical prevalence throughout the timeline of geological and biological events on Earth (Supplemental Fig. S1 ), and their affinity for organic molecules 12, 14, [18] [19] [20] [21] [22] . For example, clay has been demonstrated to be capable of catalyzing the polymerization of RNA 12 and accelerating the formation of fattyacid vesicles (a protocell model) 14 . On the other hand, as an alternative hypothesis, hydrogel microenvironments for life evolution have also been proposed 10 . Both experimental and theoretical studies have indicated that cytoplasm behaves like a poroelastic hydrogel 23, 24 , and hydrogels microenvironments may provide stability, confinement, and concentration of dilute solutes.
In this work, combining the concepts of clay minerals and hydrogel microenvironments for life evolution, we proposed that clay hydrogel on early Earth provided a confinement function for biomolecules and biochemical reactions. Considering transcription and translation as the central biochemical reactions in biological systems, we employed transcription and translation in a cell-free fashion (cell-free protein expression) as model biochemical reactions (Figure 1a) . 
Results
We discovered that clay forms a hydrogel in ocean water. This is important because clay and ocean water coexisted on and dominated the early Earth surface. After mixing clay with ocean water (volume ratio was 151), clay spontaneously and instantaneously formed a bulk hydrogel (Figure 1b) . We further showed that clay hydrogel also formed even in a much larger reservoir of ocean water (volume ratio of ocean water to clay ranged from 1051 even to 10 6 51, Figure 1c ), which was more realistic to the scenario on early Earth. In addition, the bulk-scale clay hydrogel was easily broken down by shear forces into micro-particles, which acted as the confinement for biomolecules and biochemical reactions (Figure 1d and 1e) .
To understand the mechanism for the formation of clay hydrogel in ocean water, we studied the structures of clay by characterizing the morphology, size and crystal structures via transmission electron microscopy (TEM), dynamic light scattering (DLS) and X-ray diffraction (XRD), respectively (Supplementary Fig. S2-S4 ). TEM images revealed the disk shape of clay, and DLS data confirmed that the average size of clay was approximately 30 nm, consistent with TEM data. From XRD, clay maintained its crystal structures in the hydrogel format. The mechanism for the formation of clay hydrogel was thus attributed to the overall structure of clay. More specifically, the clay possessed a disk-like structure with an inhomogeneous charge distribution: negative charges on the disk surface and positive charges on the rim 25, 26 . This special structure endowed clay with unique properties: in deionized water, the clay disks were homogeneously distributed with an exfoliated structure; whereas, in the presence of ionic species (e.g., ions in ocean water), the clay disks packed together to generate a ''house-of-cards'' structure which formed a hydrogel ( Supplementary Fig. S5 ).
We note that clay minerals can be found in a range of geological contexts 27, 28 , such as within the ocean. In addition, the conditions of modern seawater were probably quite different from those of the ancient seawater [29] [30] [31] [32] [33] . To explore the formation of clay hydrogel under different environmental conditions, we tested the effect of various conditions, including a range of Fe concentrations, pH, temperatures, and CO 2 contents ( Supplementary Fig. S6 ). The consistent formation of the clay hydrogel suggested that clay hydrogel microenvironments were easily formed in many ancient geological and environmental settings, such as inside marine sediments or in the seawater column at the seafloor. We believe that, in these environments, the clay hydrogel lifetime could be greatly extended, potentially in line with that of evolution.
Next, we tested whether the clay hydrogel provided an effective confinement environment for the nucleic acids. The immobilization of nucleic acids on clay hydrogel was characterized by measuring the attachment efficiency. For DNA (double-stranded), almost 100% molecules were attached onto the clay hydrogel in a wide range of DNA/clay mass ratios; for RNA (single-stranded), the attachment efficiency varied from 10% to 60% (Figure 2a ). The attachment of nucleic acids onto the clay hydrogel was ascribed to their electrostatic interactions with the clay hydrogel. The difference in attachment efficiencies between DNA and RNA was due to their different charge densities (double-stranded DNA has approximately twice the charge density of single-stranded RNA).
More importantly, clay hydrogel provided a protective environment for nucleic acids. In order to test this hypothesis, we used a nuclease degradation experiment as a model. As expected, DNA and RNA without the protection of clay hydrogel were easily digested by the DNase and RNase, respectively (Figure 2b, Lane 2, 3 and 2c, Lane 2, 3). Unexpectedly, in the clay hydrogel environment, both DNA and RNA were effectively protected from DNase and RNase digestion (Figure 2b , Lane 6, 7 and 2c, Lane 6, 7). It was noted that DNA and RNA were detached from clay hydrogel in the electric field (electrodesorption) for the agarose electrophoresis analysis, and clay remained in the wells (Figure 2b&2c ). We further tested whether the functions of nucleic acids can be preserved with the protection of clay hydrogel. We tested the activity of DNA as the template for Polymerase Chain Reaction (PCR). As expected, following the DNase treatment, the DNA molecules in solution were totally digested and were no longer able to function as the template (Figure 2d , Lane 1). Remarkably, in the clay hydrogel environment, DNA could still serve as the template for PCR and was efficiently amplified, indicating that the DNA function was preserved in the clay hydrogel environment (Figure 2d, Lanes 2, 3, and 4) .
The above results confirmed that the confinement by clay hydrogel provided an effective environment for localized concentration and protection of nucleic acids. Next, we investigated the effects of clay hydrogel environment on transcription and translation reactions. The plasmid DNA encoded with a reporter gene was constructed first; with incubation with cell lysates, DNA was transcribed to RNA, which was afterwards translated to reporter proteins [34] [35] [36] [37] . Here Renilla luciferase protein (Rluc) was employed as the model reporter protein (Supplementary Fig. S7 ). To evaluate the efficiency and yield of protein expression in clay hydrogel environment, the solution phase system (SPS) of cell-free protein expression was used as a benchmark, in which genes were homogeneously distributed in the solution.
We surprisingly found that the coupled transcription/translation reaction (an extremely complex process involving more than 30 enzymatic reactions 38 ) was not only preserved but was also consistently enhanced in the clay hydrogel environment. We varied the concentration of clay with a fixed gene concentration of 20 ng/ml. As a control, the same amount of plasmid was used in SPS, but without www.nature.com/scientificreports clay hydrogel in the reaction. Compared with the SPS control, the protein expression yield was consistently enhanced in the clay hydrogel system (Figure 3a) . In particular, the clay hydrogel system with clay concentration of 4 mg/ml produced 160 mg luciferase in a 50 ml reaction volume within 8 h, which was equivalent to an expression efficiency of 160 mg of protein per microgram of plasmid and an expression yield of 3.2 mg/ml, representing a 6.6-fold enhancement over SPS. We also fixed the clay concentration at 4 mg/ml and found that, under a wide range of gene concentrations, the clay hydrogel system also exhibited consistently higher yields in comparison with SPS (Figure 3b) . We noticed that, with increase of clay and gene concentrations, the protein yields increased first, reached a peak and then decreased (Figure 3a&3b ). This phenomenon, as previously reported, is due to the crowding effect 36, 39 . In the scenarios of early life evolution, the confinement of biomolecules and biochemical reactions within the clay hydrogel enabled a positive crowding effect, favoring an increase in protein expression. On the other hand, without the clay hydrogel, it would have been very difficult to achieve confinement in a vast quantity of ocean water; therefore the concentration of genes would have been essentially zero, resulting in no protein expression (Figure 3b ). In addition, the clay hydrogel system showed a similar kinetic trend as SPS, but with a faster expression rate (approximately 4.4 times greater, proportional to the slope of the linear stage), and with a longer duration of expression before saturation (Figure 3c ).
We further isolated transcription from the coupled cell-free protein expression system and measured the concentration of mRNA via quantitative real time PCR (qPCR). The results showed that at every time point the concentration of mRNA in clay hydrogel system was higher than that of SPS (Figure 3d ). SDS-PAGE (Figure 3e ), luminescence image (Figure 3f ) and western blot ( Supplementary Fig. S8 ) all clearly confirmed that more Rluc proteins were produced from the clay hydrogel system than SPS. Several additional experiments verified that the enhancement of protein expression could be exclusively attributed to the clay hydrogel environment (Supplementary Discussion S1).
To test the general role of clay hydrogel in biochemical reactions, we furthermore carried out the reactions of DNA ligation and DNA polymerization in clay hydrogel environment. The results showed that both DNA ligation by T4 ligase and DNA polymerization via Phi29 polymerase were preserved in the clay hydrogel environment (Supplementary Fig. S9 ).
Discussion
We noticed that the clay hydrogel inhibited nuclease activities (Figure 2b ) but did not inhibit the transcription/translation enzymatic reactions (Figure 3 ). While the exact mechanisms remain to be delineated, we speculate that evolution might have already selected certain enzymes to be much more functional in the clay hydrogel environment than others. In other word, clay selectively protected molecules that were conducive to the RNA and protein synthesis, such as DNA, RNA, transcriptional and translational machinery. These protection mechanisms are under further investigation. Similarly, evolution in general and current enzymes in particular might have been directed by the clay hydrogel environment to favor the organization of a variety of related enzymatic reactions in close proximity. Indeed, current life relies on the confinement by cell membranes to enclose biochemical reactions; several recent reports have already suggested that inside membrane-enclosed cells the properties of cytoplasm are essentially the same to those of poroelastic hydrogels 23, 24 . This enclosure ensures localized concentration and protection of the involved biomolecules. However, prior to the LUCA, before the formation of this enclosure, it is an open question as to in what kind of confinement environment the biochemical reactions occurred. Our clay hydrogel environment provided an effective confinement for the biomolecules and the biochemical reactions.
Our data also showed that, in the clay hydrogel environment, RNA was protected and RNA synthesis was enhanced (Fig. 2c and Fig. 3d) . Thus, we speculated that many RNA-associated processes might have occurred in the clay hydrogel environment. In turn, this could imply that the clay hydrogel provided a favorable environment for pre-cellular evolution in an ''RNA world''. In addition, our hydrogel offered a link among ocean water, ancient clay and gel-like cytosol. In the clay hydrogel, nucleic acids were concentrated and protected, and the central biochemical reactions, transcription and translation, were not only preserved but also consistently enhanced in the clay hydrogel environment. In conclusion, we demonstrated the importance of confinement for biomolecules and biochemical reactions in early life evolution and that the early life evolution may have occurred in a clay hydrogel environment.
Methods
Clay hydrogel formation. A commercially available clay (Laponite XLG, Southern Clay Products, Inc.) was used to prepare the clay hydrogel. The formula of Laponite XLG was LiMgNaO 6 Si 2 . Laponite XLG clay solution was prepared in deionized water. After adding ocean water (Aquil) in the clay solution (151 volume ratio), the bulk hydrogel formed. Alternatively, clay solution was added in a large amount of ocean water (1510 volume ratio), in which clay hydrogel formed in the reservoir. The clay hydrogel was broken into smaller hydrogel micro-particles by pipetting up and down. Fluorescence optical microscopy was employed to observe the morphology of clay hydrogel. The clay hydrogel particles were stained by SYBR Green.
Localized concentration effect. The localized concentration effect of nucleic acid in clay hydrogel environment was characterized by measuring the attachment efficiency of DNA/RNA in the clay hydrogel. The DNA and RNA used here were pIVEX2.4RL plasmid and total E. coli RNA, respectively. Clay/nucleic acid hydrogel particles formed in ocean water reservoir. The mixture was then centrifuged at 15,000 rpm for 30 min. Finally the concentration of nucleic acid in the supernatant was measured using a NanoDrop 1000 spectrophotometer. The amount of nucleic acid adsorbed in the clay hydrogel was calculated by the following formula: S 5 (C 0 2 C s )/C 0 *100. Where S is the adsorption efficiency of nucleic acid in the clay hydrogel (%), C 0 represents the nucleic acid concentration of initial clay/nucleic acid solution and C s is the DNA concentration of nucleic acid in the supernatant.
Protection effect. For the protection test of DNA, the samples were incubated with DNase I (New England Biolabs) at 37uC for 1 hour, followed by incubation at 75uC for 5 min to deactivate DNase. The samples were run on a 3% agarose gel at 100 V for 1 hour. For the protection test of RNA, the samples were incubated with RNase I (Promega) at 37uC for 2 hours, followed by incubation at 65uC for 15 minutes to denature the samples. The samples were run on a 1.5% denaturing agarose gel at 100 V for 1.5 hours.
Construction of plasmid. The Rluc gene was amplified using PCR from the pRL-Null vector (Promega) using two primers: 59-ATG CCA TGG CTT CGA AAG TTT ATG ATC CAG-39 and 59-TAC CCC GGG TTA TTG TTC ATT TTT GAG AAC TCG C-39. After amplification, the Rluc gene was inserted into the Nco I and Sma I sites of the expression vector pIVEX2.4WG (5 Prime) to generate pIVEX2.4RL vector, which was then propagated by transformation into E. coli cells.
Protein expression and characterization. Cell-free protein expression was carried out in 96-well plates or micro-tubes. Clay/gene hydrogel in situ formed in lysate. Lysate and clay/gene hydrogel micro-particles were incubated in a shaker (Roche) at 24uC and 900 rpm. The active Rluc protein concentration was evaluated by measuring the luminescence following the protocol of a commercial Luciferase Assay kit (Promega) on a plate reader (Biotek Gene5). The SDS-polyacrylamide gel electrophoresis and western blot were employed to characterize the expressed proteins (See details in Supplementary Method S2).
